We develop an all-integrated optoelectromechanical system that operates up to 4.20 GHz. The in-plane bulk acoustic modes of a photonic crystal membrane are electrocapacitively actuated and optically detected by a high-Q slotted photonic crystal cavity.
Introduction
Nanoelectromechanical and nanooptomechanical systems operating at high frequencies have recently attracted great interests because of their potential in fundamental research and many practical applications [1] . It is desirable to combine these two types of systems into a single device where the mechanical degree of freedom is simultaneously coupled to both electrical and optical degrees of freedom. This way one obtains the advantages of both strong electrical actuation and sensitive optical transduction of the mechanical modes.
The electromechanical coupling is realized in a thin-film bulk acoustic resonator (TFBAR) in silicon. Without the piezoelectric effect, excitation of the bulk acoustic modes is implemented through the capacitive force between a pair of patterned electrodes [2] . The optomechanical coupling is achieved with a slotted photonic crystal (PhC) nanocavity for its simultaneous high optical quality (Q) factor and large optomechanical coupling [3] . By combining an electrocapacitively actuated TFBAR with a slotted PhC nanocavity, we develop an all-integrated optoelectromechanical system where the PhC membrane's bulk acoustic modes up to the 6th order at 4.20 GHz are efficiently excited and optically transduced. Our devices serve as a direct link between electromagnetic waves in microwave and optical domains and therefore have great potential in coherent signal processing.
Design and fabrication
To design the slotted PhC cavity, we performed photonic band calculation and finite-difference time-domain simulation to determine the cavity parameters. The cavity is formed by a local variation of the width of a W1.2 slotted PhC waveguide [4] . The cavity mode has a resonant wavelength 0 = 1544.8 nm, a simulated intrinsic optical Q 10 6 , and an effective modal volume V o = 0.043 ( 0 ) 3 . The electric field component E y in Fig. 1 (c) clearly shows the strong field localization inside the cavity slot. The optomechanical coupling coefficient (g om /2 ) is calculated to be 148 GHz/nm for the in-plane bulk acoustic modes, which value is similar to those reported elsewhere [3] .
The device fabrication starts from standard SOI substrates (220-nm silicon layer on 3-m buried oxide) and goes through three major steps of lithography and subsequent processes. As shown in the SEM image in Fig. 1(a) , the PhC membrane consists of three pieces labeled as M1, M2, and M3. The slotted PhC cavity comprises membranes M2 and M3, and the electrodes are patterned across membranes M1 and M2. Note that the SOI layer is compressively stressed, leading to slight buckling when the membranes are released. Therefore, membrane M1 is fabricated along with M2 to allow for the same degree of buckling of the membranes with the driving electrodes such that efficient excitation of the in-plane acoustic modes of membrane M2 can be achieved. The capacitor slot between membranes M1 and M2 have a width of 150 nm, while the cavity slot between membranes M2 and M3 have a width of 80 nm. The slotted PhC cavity is accessed optically by two W0.84 waveguides fabricated in membrane M3, in parallel with the cavity slot, for optical input and output coupling. Fig. 1(a) is a schematic of the experimental setup. The chip is placed inside a vacuum chamber. An AC driving voltage (V ac ) from a network analyzer is combined with a DC bias V dc and then applied onto the device electrodes to electrically control and actuate membrane M2, which is a part of the slotted PhC cavity. Due to the large optomechanical coupling, the driven mechanical response of membrane M2 is imprinted onto the optical transmission of the slotted PhC cavity. The transmitted signal is converted into electrical domain by a high-speed InGaAs photodetector and then sent back to the network analyzer for readout.
Measurements
The optical tunability of the slotted PhC cavity is characterized by performing a transmission spectroscopy measurement. As shown in Fig. 1(b) , membrane M2 is displaced toward the electrode by the pulling electrostatic force. This structural deformation leads to an increase of the cavity slot width and a consequent blue-shift of the cavity resonance. Fig. 1(e) plots the cavity wavelength shift as a function of the applied DC bias with the recorded transmission spectra in Fig. 1(d) . The measured cavity linewidth of 10.6 pm corresponds to a loaded optical Q of 1.44 × 10 5 , which in combination with the measured cavity on-peak transmission gives an intrinsic optical Q of 2.0 × 10 5 . This Q value is among the highest experimental demonstrations of slotted PhC cavities [3, 5] . As expected, the wavelength shift ( ) follows a quadratic relation with the applied DC voltage (V dc ). If a cavity DC electrooptic tunability coefficient is defined as 2 dc ( ) ( ) V , a quadratic fit provides a value of 2.7 pm/V 2 .
Next, the dynamical response of membrane M2 under an AC capacitive drive is characterized by measuring the S 21 transmission spectrum from the network analyzer. The DC bias voltage is set at 8 V and the laser wavelength is set at the maximal slope of the cavity resonance to maximize the signal. Shown in Fig. 1(f) , the six dominant peaks ranging from 0.506 to 4.196 GHz, with an average separation of 0.738 GHz, are identified as the 1st-6th thin-film bulk acoustic modes of the PhC membrane (see the inset). Fig. 1(g)-(l) show the zoomed-in magnitude and phase response for each mode, along with the corresponding mechanical displacement profiles and fitted Q values. These acoustic modes satisfy the relation and cannot be excited efficiently in our devices. The mechanical Q values vary from 240 to 1730 and could be further enhanced by shielding the slotted PhC cavity with a twodimensional phononic bandgap structure to suppress the acoustic radiation to the substrate [6] . 
